Abstract: Male smallmouth bass (Micropterus dolomieu) and largemouth bass (Micropterus salmoides) care for their offspring from fertilization until the offspring disperse after becoming capable of avoiding predators. We used activity transmitters to monitor round-the-clock parental activity of both species throughout the nesting period, coupled with direct observational data collected while snorkeling, to determine whether nocturnal behaviour varied similarly to diurnal behaviour. In general, nesting males of both species were equally active during day and night, developmental-stagespecific patterns being evident during both periods. Consistent with theory, parental males of both species exhibited elevated levels of burst swimming (indicative of chasing nest predators) early in the nesting period. Unlike male smallmouth bass, however, male largemouth bass showed no decline in overall activity and energy expenditure in the later nesting stages as predicted from the greater mobility and dispersion of their broods, although burst-swimming activity decreased. Activity of nesting fish was approximately double that of non-nesting conspecifics, causing an increase in respiration rates of fish, estimated using a bioenergetics model. The results of our study suggest that physiological telemetry devices which provide both behavioural and energetic information enhance the study of parental care activity in centrarchid fishes, and may be equally useful in a variety of other taxa.
Introduction
An early review of the comparative ethology of black basses (Micropterus spp.) by Miller (1975) included only a brief section on parental care, reflecting the paucity of information at the time. Knowledge of parental care in centrarchids was limited to several anecdotal observations and the early descriptive work of Breder (1936) . Since Miller's (1975) review, major advances have been made in understanding parental care in both smallmouth bass, Micropterus dolomieu (e.g., Ridgway 1988; Hinch and Collins 1991; Urban 1991; Ongarato and Snucins 1993; Wiegmann and Baylis 1995; Mackereth et al. 1999) , and largemouth bass, Micropterus salmoides (e.g., Brown 1985; Colgan and Brown 1988) , as well as most other common centrarchids (e.g., Keenleyside 1971; Colgan and Gross 1977; Bain and Helfrich 1983; Colgan and Brown 1988; Coleman and Fischer 1991) . Nonetheless, large gaps in our knowledge remain, reflecting, at least in part, technological constraints associated with observing parental care behaviour in the wild. Here we use data collected with activity transmitters to provide the first documentation of round-the-clock parental care patterns in free-swimming male smallmouth bass and largemouth bass monitored throughout the period of parental care.
Parental-investment theory (Trivers 1972) predicts that parents will vary the care provided to their offspring in response to several factors. Because offspring become more valuable to the parent as they approach independence, parents should invest more and take greater risks protecting older offspring. However, because parental investment in current offspring is expected to reduce opportunities to invest in future offspring, parents should reduce care given to older offspring as the offspring become self-sufficient. Sargent and Gross (1986) proposed a model that incorporates these proposed reproductive trade-offs at different stages of offspring development in teleost fish. This model recognizes that the dynamics of parental care reflect not solely the requirements of the offspring, but also the trade-offs between present and future reproduction. The model of Sargent and Gross (1986) predicts that for fish such as basses, one should expect parental care activity to increase from the egg stage, peak at the eggsac fry or swim-up fry stage, and then decrease as the fry become free-swimming (i.e., increasingly independent).
Evidence that parents vary parental care as predicted by theory has come from both laboratory and field studies of several taxa, including birds (Montgomerie and Weatherhead 1988) and fishes (Pressley 1981; Colgan and Brown 1988; Ridgway 1988 ). Studies of black basses have shown that parental care peaks around the time of hatching and then declines gradually as the offspring become increasingly independent (Colgan and Brown 1988; Ridgway 1988; Urban 1991; Ongarato and Snucins 1993; Mackereth et al. 1999) . Brown (1985) showed that male largemouth bass guard their broods until the predator-avoidance behaviour of the fry is well developed. To date, most observations of bass parental care have been made during the day because of the difficulties associated with observing fish under water in low-light conditions (but see Hinch and Collins 1991) . As a result, it is not known whether the nocturnal behaviour of basses is similar to their diurnal behaviour, and thus whether it follows the same pattern over the different phases of offspring development.
Adult centrarchid fish are typically more active during the diurnal and crepuscular periods than at night (Davis 1964; Emery 1973; Demers et al. 1996) . Parental activities, however, likely require that nesting males be active during both day and night because eggs should require fanning as much at night as during the day, and because eggs and fry may also require protection from nocturnally active predators. Alternatively, nest-guarding males may exhibit the same diel patterns as observed in non-nesting fish, particularly if the predation risk to fry is lower at night. Studies by Hinch and Collins (1991) and Cooke et al. (2000) showed that parental male basses are active at night, but neither of these studies examined all of the phases of offspring development and both had small sample sizes. Scott et al. (1997) examined the dispersion of smallmouth bass fry and the associated nest-guarding males at night, but their study only provided information on the location of the male relative to the offspring. Our first objective was to use activity transmitters to determine whether the nocturnal behaviour of parental male basses is similar to their behaviour during the day at each of the four offspring-development stages.
In addition to being conducted only during the day, previous studies of black bass parental care may have had other methodological limitations. Conventional means of experimentally testing whether patterns of brood defence conform to life-history models of parental care have involved assessing the intensity of aggression and threat behaviour at different developmental stages. This usually involves snorkelers eliciting aggressive behaviours from nesting males by presenting a series of staged nest intrusions using brood-predator models. Researchers have employed both conspecific (Ridgway 1988 ) and heterospecific models (Ongarato and Snucins 1993) , which also may have influenced the results. Furthermore, few studies have controlled for repetition of model presentation (Lavery and Colgan 1991 ). An alternative approach that does not require the use of models and repetitive presentation is the use of natural-predator intrusions, although studies using this approach are rare (see Colgan and Brown 1988; Urban 1991) . It has also been difficult to make comparisons among studies, and hence to make intra-and interspecific comparisons, owing to variability in the stage of brood development examined and inconsistency in defining developmental stages. Our second objective was to determine whether activity patterns reported from studies using conventional model presentations are representative of natural activity patterns of nesting bass determined using 24 h activity transmitters.
Like the study of patterns of parental investment in centrachids outlined above, attempts to estimate the energetic costs of parental care in centrarchids have also relied on indirect measurements. These indirect approaches have included estimating the extent to which parental care reduces foraging (Adams et al. 1982; Thorp et al. 1989) , estimating increases in swimming activity and fanning frequency from videography (Coleman and Fischer 1991; Hinch and Collins 1991) , and measuring decreases in wet mass over the nesting period (Coleman et al. 1985; Coleman and Fischer 1991; Sabat 1994 ). More recently, direct measurements have been used, including terminal proximate body composition studies (Coleman and Fischer 1991; Mackereth 1995; Mackereth et al. 1999 ) and nonterminal total body electrical conductivity readings (Gillooly and Baylis 1999) . None of these approaches has been successful in quantifying the in situ behaviour and associated energetic costs of parental care activity continuously from egg deposition through completion of the freeswimming fry stage. Our third objective was to estimate the energetic costs of reproduction for male bass over the nesting period using data from activity monitors.
Quantifying the activity of free-ranging organisms has long been a challenge in ecology (Butler 1989 ) and fisheries science . The recent development of devices capable of detecting axial-musculature activity and transmitting data via radio signals has provided an objective and quantifiable means of assessing the locomotory activity of fishes (Kaseloo et al. 1992) . These activity transmitters have been successfully implanted and calibrated in both smallmouth bass and largemouth bass (e.g., Demers et al. 1996; Bunt 1999; Cooke et al. 2000; Cooke et al. 2001a Cooke et al. , 2001b . The activity transmitters allowed us to collect two kinds of data relevant to the objectives outlined above. First, data on proximity to the brood and burst-swimming behaviour (the latter being indicative of chasing predators from the nest) provided information on parental care duration and intensity. Second, data on overall activity were used to generate estimates of energy expenditure during brood rearing.
In this study we chose to investigate the in situ locomotory activity of both smallmouth bass and largemouth bass, for two reasons. First, because the parental-care activity of smallmouth bass has been well studied using conventional approaches, we were able to compare our results obtained using activity transmitters with published data for this species. Second, by also including largemouth bass, we could determine whether patterns of parental care activity of these two species were similar across developmental stages. We predicted that parental care activity of the two species should be similar until the free-swimming fry stage. However, differences in the ontogeny of fry behaviour in the two species after swim-up should result in differences in parental care. Smallmouth bass fry generally remain close to the nest during the day and return to the nest site at night (Scott et al. 1997) . In contrast, largemouth bass fry typically leave the area of the nest upon becoming free-swimming and become increasingly mobile as they move about in search of patchy food resources (Brown 1984 (Brown , 1985 . We predicted that parental male largemouth bass would become more active during the free-swimming fry stage relative to smallmouth bass at the same stage and to both species at earlier developmental stages.
Materials and methods

Study site and animals
We conducted the study in Lake Opinicon (44°33′30′′N, 76°20′00′′W), Ontario, from 15 May to 9 June 1998. The study site was a littoral region in which both largemouth bass and smallmouth bass were known to spawn Suski 2000) . The proximity of the site to the Queen's University Biological Station facilitated frequent downloading of data (see below) and allowed us to discourage recreational angling within the study site. Signs affixed to anchored buoys alerted anglers that a research program was underway and that fishing was not permitted within the study site. Previous research in the study area (Keast and Webb 1966; Keast 1978; Keast et al. 1978) confirmed the presence of fish species that have been identified as potential bass nest intruders and predators in Lake Opinicon; these include pumpkinseed, Lepomis gibossus, bluegill, Lepomis macrochirus, rock bass, Ambloplites rupestris, black crappie, Pomoxis nigromaculatus, brown bullhead, Ameiurus nebulosus, northern pike, Esox lucius, blackchin shiner, Notropis heterodon, bluntnose minnow, Pimephales notatus, eastern banded killifish, Fundulus diaphanus, yellow perch, Perca flavescens, johnny darter, Ethesotoma nigrum, tesselated darter, Ethesotoma olmstedi, and log perch, Percina caprodes, in addition to juvenile smallmouth bass and largemouth bass. Of these species, bluegill and pumpkinseed are the most frequent intruders at nests (Colgan and Brown 1988) and have the highest densities in Lake Opinicon (Keast 1980) .
Activity transmitters and implantation
The transmitters (EMGi, Lotek Engineering Inc., Newmarket, Ontario) were coated in epoxy and had a pair of electrodes and a single antenna extending from the package. The transmitters were 51 mm long and 13 mm in diameter and weighed 18.0 g in air. Gold electrodes (9 karat) measuring 7 × 1 mm were affixed to the end of the electrode wires. The electrodes detect electromyographic activity within the axial red muscle, which then charges a capacitor. When the capacitance has been reached, a pulse is emitted from the transmitter. This signal provides information on integrated electromyographical activity (EMGi) rather than data on individual muscle contractions. The signal recorded by the receiver is an electromyogram (EMG) pulse interval (ms), which is inversely related to muscular activity. As muscle activity increases, the muscle EMGs increase, charging the capacitor more rapidly, thereby decreasing the interval between pulses. Kaseloo et al. (1992) and Beddow and McKinley (1998) describe the transmitters in detail. The transmitters used in this study have been used successfully for other studies of smallmouth bass (Demers et al. 1996; Cooke et al. 2001a ) and largemouth bass (Demers et al. 1996; Cooke et al. 2000 Cooke et al. , 2001b .
Once nesting fish were located (by snorkeling or from a boat), a diver examined the nest. Only fish that had recently spawned, as evidenced by translucent eggs, were used for this study. Fish that were observed spawning were allowed to complete spawning before being captured for implantation. All six smallmouth bass nests studied were located close to shore or on a gravel bar in less than 1 m of water. Nests were constructed on sand, gravel, and pebble substrates in areas without aquatic macrophytes. The five largemouth bass nests studied were in deeper water (1-2 m) and were constructed over pebble and silt substrates with scattered aquatic macrophytes. To capture the fish, we angled the guarding male off his nest with a jig. We minimized the stress incurred by angled fish by landing them in less than 20 s, a period that in other studies has been used for unangled controls (e.g., Kieffer et al. 1995) . Following capture, fish were placed immediately in an onboard cooler containing an induction bath of anaesthetic (clove oil : ethanol 1:9, 45 ppm). This anesthetic appears to allow fish to recover more rapidly than fish anaesthetized with the more conventional MS 222 (Anderson et al. 1997; Keene et al. 1998; Peake 1998) . After a fish was angled from its nest, the diver remained beside the nest to ward off any potential brood predators. Pumpkinseed, bluegill, rock bass, yellow perch, black crappie, and log perch all attempted to make nest intrusions during our snorkeling observations. The diver also placed an individually numbered tile near the nest and quantified the eggs using the categorical scoring method of Philipp et al. (1997) (1 = lowest, 5 = highest). Only fish with egg scores greater than category 3 were implanted. Thus, our results must be interpreted in the context that we selected individuals which were more likely to invest more in parental care than those with small, depauperate broods (e.g., Suski 2000).
Surgery was conducted on board a boat anchored near the nest site. Fish lost equilibrium in the anaesthetic after 3-4 min and were then measured (total length, mm) and weighed (g) before being placed ventral side up in a V-shaped acrylic trough lined with neoprene. During surgery the gills were continuously irrigated with a maintenance dose of anaesthetic (30 ppm) in oxygenated water. Surgical procedures were similar to those of Cooke et al. (2000) . A 3 cm long incision was made on the ventral surface, just posterior to the pectoral girdle. Electrodes were positioned 10 mm apart in the red axial musculature below the lateral line using 16 1/2 g rods (Bunt 1999) . The red oxidative musculature is located in a superficial wedge-shaped layer, subcutaneous to the lateral line in centrarchids (Bone 1966; Lauder 1993, 1995) . Jayne and Lauder (1993) report that during chase responses elicited in bluegill, both white and red muscle were activated during burst swimming. Performing an EMG of red musculature is therefore an appropriate technique for assessing both aerobic and anaerobic activity. Electrode placement was standardized at the anterior portion of the dorsal fin (Beddow and McKinley 1999) . Once they were in place, a plunger was used to secure the electrodes in the muscle, allowing the rods to be removed. The transmitter was inserted through the incision and pushed anteriorly into the body cavity. A 16 1/2 g hypodermic needle was then pushed through the body-cavity wall using the shielded-needle technique and the antenna wire was passed through to the outside of the body. The incision was closed with four independent braided silk sutures (2/0 Ethicon). A small amount of cyanoacrylate glue (Vet-Bond, 3M Inc.) was applied to the sutures to increase resistance to abrasion that could occur during fanning. The entire procedure lasted less than 5 min, and fish recovered quickly when returned to fresh oxygenated water.
Fish were allowed to recover for 5 min prior to being released directly above the nest site. Divers remained at the nest and observed the post-release behaviour of the fish. The diver continued to fend off intruders if necessary following release until the fish was able to exclude predators on its own. All fish resumed parental care in less than 1 min. Other studies also indicate that nest-guarding smallmouth bass actively engage intruders immediately following surgery (Scott et al. 1997 ; S.J. Cooke, unpublished data). Nonetheless, we excluded the first 24 h of data to ensure that any effects of surgery were eliminated. In total we implanted six male smallmouth bass and five male largemouth bass (Table 1) .
Data collection and analysis
Nest observations following surgery were made on a daily basis by snorkeling to monitor fish behaviour, relative brood size, predator activity, and brood developmental stage. We used a modification of Ridgway's (1988) terminology to denote four stages of development: egg, egg-sac fry, swim-up, and free-swimming fry. Ridgway (1988) termed the second stage wrigglers, but we term this stage egg-sac fry. The developmental stages are depicted in Hubbs and Bailey (1938) . Two data-logging receivers (SRX_400, Lotek Engineering Inc.) were used to continuously monitor the activity of radiotagged fish. We were able to minimize erroneous signals due to interference by using low receiver gain and a cluster of several antennas within 100 m of the nesting fish.
Data were summarized in SAS (SAS Institute Inc.), creating 30-min averages Post 1997a, 1997b) for each fish. All EMGi values were adjusted for each fish, and values were transformed so that they could be reported as percent increase over resting values (Cooke et al. 2001a) . Resting values were collected when the fish were stationary while being held in the cooler prior to being released after surgery. Once fish were back in the lake, resting values were corroborated by snorkelers using timers that corresponded to the exact time on the receivers. Individual forced-swimming calibrations in respirometers were not possible because the fish would have been absent from the nest for an extended period and exhausted upon return. Therefore, we used a previously developed relationship (Cooke et al. 2001a ) between swimming speed and percent increase in activity to predict swimming speeds from our field-collected EMG data.
We examined the activity of fish on several time scales. First, mean daily swimming activity (m) was calculated for individual fish and for each of the different stages of brood development. This examination provided insight into stagespecific patterns and detailed the stage-and species-specific swimming-distance equivalents (i.e., a combination of the actual distance traveled and the costs of swimming in place (Hinch and Collins 1991) ). Next we examined diel patterns of relative activity. Like Hinch and Collins (1991) we excluded crepuscular-period data (05:00-07:59 and 19:00-20:59) and divided the remaining time into diurnal (08:00-18:59) and nocturnal (21:00-04:59) periods. We used the crepuscular periods for downloading receivers and performing maintenance on the automated monitoring system. Nocturnal and diurnal data for each species and all four of the developmental stages were treated individually for analysis.
We quantified the burst-swimming bouts assuming that any EMG signals corresponding to swimming speeds over 0.8 m/s represented burst-swimming activity for adult basses Cooke and Bunt 2001; Cooke et al. 2001a; S.J. Cooke, unpublished data) . We summed all the signals from a single fish during a given period in milliseconds and determined the proportion of time that each fish spent burst swimming. It is not possible to determine from EMG signals exactly when burst-swimming activity begins. By using the relationship developed in a respirometer (Cooke et al. 2001a however, we can infer the EMG activity levels consistent with burst swimming, which would be characterized by the fish swimming at speeds greater than 80% of critical swimming speed (U crit ) (Lauder 1989) . Many fish species are capable of generating speeds up to 80% of U crit while using aerobic musculature (e.g., Webb 1971; Jones 1982; Burgetz et al. 1998) . Speeds above ca. 80% of U crit usually require activation of both white muscle and red muscle. For the burst-swimming activity that basses exhibit during nest defence (i.e., chases, aggression), this combination of red and white musculature would also be used. In a study employing videography, EMG transmitters, and intruder models in Illinois ponds, spikes in EMG activity were found when nestguarding male largemouth bass swam rapidly towards the staged intruder threat and during angling (Cooke et al. 2000; S.J. Cooke, unpublished data) . Collected data were divided into diurnal and nocturnal components as described above. The proximity of guarding male centrarchids to the developing brood has typically been assessed using conventional telemetry. Here we used the relative power strength of the logged EMGi signals to examine the proximity of fish to the nest site. Power strength is a dimensionless number expressed in relative power strength units ranging from 0 to 232 (see Cooke and Bunt 2001) . Receiver sensitivity (gain) and antenna location were fixed for the study to minimize baseline signal strength shifts. Fish that made more frequent forays from the nest site exhibited greater variation in signal strength than fish that remained closer to the nest. It should be noted that if the fish changed location slowly over time, particularly during the free-swimming fry period (see Scott et al. 1997 ), the short-term variation in signal strength would not change. Thus, gradual movements of a brood and parent away from the nest would not be misinterpreted as shortterm movements of the parent away from the nest or brood. We quantified variation in signal strength of each fish in each period with the coefficient of variation (CV) using SAS (SAS Institute Inc.). These data were divided into diurnal and nocturnal components as described above.
Lastly, we calculated and compared instantaneous swimming speeds (m/s) for use in the activity multiplier of the bioenergetics model. The mean instantaneous swimming speed was calculated for individual fish, the two different species, and the different stages of brood development. Data for entire 24-h periods (including diurnal, nocturnal, and crepuscular where possible) were used to derive these values.
We used analysis of variance (ANOVA) to test for significant differences among stages of offspring development for all of the metrics we examined. Tukey's HSD test was then applied a posteriori to identify differences between stages (Day and Quinn 1989) . Assumptions of parametric tests were examined using graphical analysis of standardized residuals. Where appropriate, variance was stabilized and normality was corrected with log transformations (Sokal and Rohlf 1995) . All analyses were conducted with SYSTAT (Version 8.0, SPSS Inc.). The maximal type 1 error rate was set at α = 0.05. To control type 1 errors for multiple comparisons we used Bonferroni-adjusted probabilities for paired t tests (Zar 1996) .
Bioenergetics modeling
We conducted a series of energetics simulations with the software Fish Bioenergetics 3.0 for Windows (University of Wisconsin System Sea Grant Institute 1997). For all simulations we used the model parameters developed by Rice (1981) . Water temperature was set at a constant 18°C because temperatures approximating this were maintained for most of the monitoring period. Data for the activity multiplier, RTO (swimming speed as a constant (m/s)), of the respiration component of the model (model 1) were derived from developmental-stage-specific values for each individual monitored. Unlike our assessment of day and night activity levels, we did not exclude crepuscular periods for which such data were available. Swimming-activity data were collected for individual fish continuously throughout the 22-day study. Consecutive models were run for each developmental stage for the period during which the brood was at a given stage for each fish. Because water temperatures were reasonably similar for all test males over the course of the study, developmental stages were of similar duration among the broods (3 days for egg, 2 days for egg-sac fry, 2 days for swim-up fry, and 15 days for free-swimming fry). We used the mass measured when each fish was caught for implantation as the initial mass of the fish for the simulations.
For the first set of simulations we were interested in the effects of nest guarding on growth and respiration of parental males over the 22-day study. We assumed that some of the effects of nest guarding would be attributable to males not feeding while caring for eggs or fry. The general consensus in the literature is that centrarchid fishes do not feed during the parental care period (Coble 1975; Heidinger 1975; Miller 1975 ), although there is some evidence that they may feed opportunistically in some situations (Hinch and Collins 1991) . We assumed that the fish did not eat at all, based upon our unpublished videography data (S.J. Cooke, unpublished data) .
We also compared the costs incurred by nest-guarding fish with those of free-swimming non-nesting fish at similar water temperatures. Data for free-swimming, non-nesting smallmouth bass from Lake Erie were provided in Cooke et al. (2001a) . The instantaneous free-swimming speed for smallmouth bass (0.317 m/s at 18°C) was determined using the same activity transmitters as used in this study. Data for free-swimming, non-nesting largemouth bass were collected in ponds in central Illinois (for details see Cooke et al. 2000) . The instantaneous swimming speed of largemouth bass at 18°C was 0.139 m/s. The mean stage-specific swimming-activity values for the five largemouth bass and six smallmouth bass that we monitored were used to represent nesting fish. For this set of simulations we set the initial (day 0) mass of all fish to 1000 g. We then modeled the change in mass and growth over a 22-day period for nesting smallmouth bass, nesting largemouth bass, non-nesting smallmouth bass, and non-nesting largemouth bass. We again assumed that nesting bass do not feed, but assumed that non-nesting fish would be actively feeding and therefore assigned them a ration of 10 g/day of fish with an energy content of 4000 J/g wet mass. Model 1 regression analysis was used to examine the relationship of the initial mass of smallmouth bass and largemouth bass with both the estimated absolute body mass loss over the nesting period and the proportion of total body mass lost. Two-tailed t tests were used to test the hypothesis that the slope was equal to zero. All analyses were conducted with SYSTAT (Version 8.0, SPSS Inc.). The maximal type 1 error rate was set at α = 0.05.
Results
Daily swimming activity
Patterns of daily swimming activity of parental male smallmouth bass were expected to follow the model described by Sargent and Gross (1986) . Consistent with that prediction, daily swimming activity of male smallmouth bass varied significantly among developmental stages of the offspring (F = 4.567, df = 3,20, P = 0.003; Fig. 1) , increasing from the egg to the egg-sac fry stage, then decreasing through the swim-up and free-swimming fry stages. For parental male largemouth bass, we hypothesized that swimming activity would be high during the free-swimming fry stage, owing to the mobility of the fry and the accompanying increase in activity required for the parental male to patrol that region. Male largemouth bass swimming activity did differ by stage (F = 23.526, df = 3,16, P < 0.001) and conformed to the predicted pattern. After declining from the egg-sac fry to the swim-up fry stage, swimming activity of the male largemouth bass increased at the free-swimming fry stage (Fig. 1) .
Diel relative-activity patterns
General patterns of relative activity of both species for day and night at each stage were similar to those described for the 24-h periods above and were consistent with our predictions (Fig. 2 ). Day and night activity for males of both species differed among the various stages of offspring development. For both largemouth bass and smallmouth bass, activity levels during the egg, egg-sac fry, and swim-up fry stages were similar for nocturnal and diurnal periods (P = 0.111-0.804) (Fig. 2) . However, during the free-swimming fry stage, nocturnal activity levels were slightly lower than during the day for both largemouth bass and smallmouth bass.
Diel burst-swimming activity index
Consistent with our prediction, the burst-swimming-activity index (indicative of predator defence, or potential prey pursuit) generally followed the pattern proposed by Sargent and Gross (1986) for both species (Fig. 3) . Largemouth bass burst-swimming activity varied across developmental stages (F = 4.664, df = 3,16, P < 0.001). During both day and at night, burst-swimming activity peaked during the egg-sac fry stage, with significantly higher levels than at earlier or later stages (Fig. 3) . Smallmouth bass burst-swimming activity did not vary significantly over the developmental stages (F = 0.770, df = 3,20, P = 0.613). For both species, burst-swimming activity tended to be lower at night, although none of these differences was significant (P = 0.199-0.917).
Diel signal-strength variation
Signal-strength variations (indicative of the variation in proximity of the male to the developing brood, presumably generated by chasing off potential predators) also conformed to predicted patterns. Signal strength varied across stages and followed similar trends in both species, peaking at the egg-sac fry stage and then declining (F L = 31.175, df = 3,16, P < 0.001; F S = 72.073, df = 3,20, P < 0.001; Fig. 4) . The signal-strength coefficient of variation (CV) was similar between day and night periods for largemouth bass across all stages (P = 0.080-0.677). Signal-strength variation for smallmouth bass was higher during diurnal periods for both the egg and free-swimming fry stages (Fig. 4) , but similar to nocturnal levels for the other stages (P = 0.319 and 0.773, nonsignificant).
Energetics simulations
Simulations revealed that all nest-guarding smallmouth bass and largemouth bass that we monitored would have had negative growth rates and a mean daily energy loss exceeding 10 000 J ( Table 2 ). The absolute mass loss during the nestguarding period for both smallmouth bass and largemouth bass was positively correlated with the initial mass of the fish (Fig. 5) . Despite the fact that larger fish lost more mass absolutely, large fish lost proportionately less mass than smaller fish. The proportion of initial mass lost was negatively correlated with initial mass (P < 0.05) for both largemouth bass and smallmouth bass (Fig. 5) . The respiration component of the energetics model required inputs of both swimming speed as a constant and the slope of the allometric mass function for standard metabolism. The strong relationship presented above is largely a result of the allometric mass function, although the generally high respiration rates were due to the heightened activity levels of the nest-guarding fish.
The models using the standard 1000-g fish also indicated that growth would be negative (Fig. 6 ) for nest-guarding fish. Smallmouth bass would lose 115 g and largemouth bass would lose 125 g (Fig. 7) over the 22-day period. The models indicated that non-nest-guarding fish that did not eat would also lose mass, but much less than nest-guarding fish. Specifically, we estimated that smallmouth bass from Lake Erie would lose 98 g and largemouth bass from Illinois ponds would lose 83 g if they were operating at non-nesting activity levels, but without food. If an estimated ration of 10 g/day was provided to the same non-nesting fish, smallmouth bass would gain 42 g and largemouth bass would gain 58 g. Thus, the extreme energetic costs of nest guarding are due to the heightened parental care activity levels relative to nonnesting fish, but are magnified by the lack of food consumption during the nest-guarding phase. Based on this direct comparison, nest guarding for the 22-day period that we modeled appears to be more costly to largemouth bass than to smallmouth bass, though this is subject to the assumptions and limitations of the model inputs. Evidence to support the differential costs of parental care includes the observation that the specific respiration rate for a nesting 1000-g largemouth bass would be 52.6% higher than that for non-nesting individuals in Illinois ponds. The specific respiration rate for a nesting 1000-g smallmouth bass was only 17.6% higher than that for non-nesting fish in Lake Erie (Fig. 8) .
Discussion
Diel activity patterns
Our first objective was to use activity transmitters to determine whether parental male bass behave the same at night as they do during the day at each of four offspring developmental stages. The fish in our study were equally active nocturnally and diurnally during the first three offspring developmental stages. This is consistent with Hinch and Collins (1991) , who examined diel parental-care activity of smallmouth bass during the first two developmental stages and found that the number of turns per hour and the caudal-and pectoralfin beat frequencies were similar during the day and at night. However, during the free-swimming fry stage, both largemouth bass and smallmouth bass were less active at night than during the day. In addition to monitoring relative activity we also monitored diel burst-swimming activity, which is indicative of chasing predators. Burst-swimming activity followed a general pattern of reduced nocturnal activity, particularly during the second and third stages of nest development. However, none of the differences was significant. Hinch and Collins (1991) reported that the number of hourly departures was higher during the day than at night and that males departed the nest to threaten or attack nearby fish. It is likely that predation attempts by other fish are reduced at night, reflecting their inactivity (Emery 1973) . However, brown bullhead, which have been identified as centrarchid nest predators (Ongarato and Snucins 1993) , are abundant in Lake Opinicon, and are active only at night.
Prior to Hinch and Collins' (1991) observations made using a flashlight (Emery 1973) . Since these studies, Demers et al. (1996) have used EMG telemetry to determine that non-nesting smallmouth bass and largemouth bass both exhibited pronounced diel activity patterns (more active diurnally) under field conditions. Somewhat disparate results have been generated in laboratory experiments (e.g., Davis 1964; Reynolds and Casterlin 1976) suggesting that bass exhibit crepuscular activity. Reebs (1992) reviewed the phenomenon of changes in activity patterns in response to parental care requirements. There is evidence that most circadian organization is repressed during the parental phase. It must be noted, however, that rhythms of activity still differ between light and dark periods. For example, Reebs and Colgan (1991) concluded that variation in egg fanning by parental males in light versus dark periods is the result of an endogenous rhythm whose amplitude is modified by light intensity. None of the previous staged intrusion studies of Micropterus species were conducted at night, and most were conducted near midday (e.g., Ridgway 1988; Ongarato and Snucins 1993) . Fish in our study were more active during the day than at night during the free-swimming fry stage, the difference in activity being greater than at any other stage. This discrepancy likely reflects the behaviour of the offspring, which are also likely more active during the day than at night (e.g., Scott et al. 1997 ; see discussion below). Resumption of non-reproductive diurnal activity patterns probably begins upon abandonment of the fry.
Parental care relative to brood ontogeny Our second objective was to determine whether activity patterns that have been reported from studies using conventional model presentations are representative of natural activity patterns of nesting basses determined using 24 h activity transmitters. The patterns in daily swimming activity over the parental care period that we observed for smallmouth bass were roughly similar to patterns of nest defence reported in the literature. Ridgway (1988) noted that parental defence increased from the egg to the wriggler (egg-sac fry) stage and then declined drastically after swim-up. The frequency of aggressive behaviours was also lowest during the freeswimming fry stage. Ongarato and Snucins (1993) and Suski (2000) report similar findings, with the frequency of aggressive behaviour increasing from the egg to the egg-sac fry stage. Models were not presented during other stages. Urban (1991) studied the effect of offspring age and frequency of nest intrusions on the defence behaviour of parental smallmouth bass and reported that the proportion of time males spent close to the brood declined once the fry were freeswimming. Rock bass, the primary nest intruders in that study, were chased away most frequently when offspring were midstage. The decline observed at later offspring stages corresponded to reductions in intrusion attempts by predators. Wiegmann and Baylis (1995) reported that smallmouth bass guarding eggs were more tenacious than those guarding larvae and attributed this inconsistency with the results of Mass (g) Fig. 6 . Daily output from a 22-day simulation of growth at 18°C of largemouth bass (LMB) and smallmouth bass (SMB) with an initial mass of 1000 g. The activity rates from nesting fish are based on empirical data from this study with the activity multiplier changed to reflect the mean instantaneous swimming speed from Fig. 1 . The activity rates for the non-nesting fish are derived from the literature and unpublished data. Consumption was set to 0 for all groups except the non-nesting "food" groups, which were provided with a ration of 10 g/day of fish with a prey value of 4000 J/g. previous studies to differences in type of intruder, physiological demands of the progeny, and the manner in which risk is perceived. These changes in parental care over the nesting period (e.g., Ridgway 1988; Ongarato and Snucins 1993; this study) likely reflect the increasing reproductive value of the developing brood combined with the decreasing ability of the parent to enhance their fry's survival (Sargent and Gross 1986 ). Our observations did deviate slightly from the model in that smallmouth bass appeared to reduce parental care after the egg-sac fry stage rather than immediately after the eggs hatched. Generally, increasing levels of defence were observed from oviposition through to the swim-up of the larvae. After this, the level of defence is generally expected to decline, owing to the increasing independence of the larvae and a reduction in the parents' ability to improve survival further. Because the offspring are still in or close to the nest until they become free-swimming, at which time they are still distributed in a reasonably compact manner (relative to largemouth bass free-swimming fry), the reduction in activity could be a consequence of the male being able to defend the fry effectively with little locomotory activity.
The pattern of locomotory activity exhibited by guarding male largemouth bass deviated from conventional patterns of parental care. Initially, largemouth bass showed a typical response, with nest defence peaking early in the parental care period and then declining during the swim-up fry stage. However, during the final phase (free-swimming fry), the activity of the male showed a dramatic increase. The only previous information on largemouth bass parental care activity was collected by Colgan and Brown (1988) . Although they used different terminology and stages, they found that that largemouth bass would attack model predators at increasing distances through the late wriggler stage (similar to our swim-up fry stage); this was followed by a decrease in distance as the fry became free-swimming. Some of our data for largemouth bass are more contradictory to the predictions of Sargent and Gross (1986) than the discrepancies noted by Colgan and Brown (1988) . Specifically, the secondary spike in locomotory activity that we noted during the freeswimming fry stage is not predicted by the model. The reduction in largemouth bass activity during the swim-up fry stage may reflect a cessation of fanning behaviour and other activities that are not essential to offspring survival at this stage. The simplest explanation for the increase in activity at the free-swimming fry stage may be that the mobility, size, and loss of cohesion in the "fry ball" as the fry become older requires parental bass to swim more just to maintain contact with the fry (see Brown 1985) . The behaviour of free-swimming smallmouth bass fry differs from that of free-swimming largemouth bass fry in that the former stay relatively close to the nest during the later stages of parental care / fry development, often returning to the nest itself at night (Scott et al. 1997; Friesen and Ridgway 2000) . We found no spike in burst swimming of parental male smallmouth bass during the free-swimming fry stage, which is consistent with Sargent and Gross' (1986) model. Thus, the spatial distribution of the fry may affect some aspects of parental care independently of offspring value. Indeed, to compensate for the increased parental-care needs during the free-swimming fry stage relative to smallmouth bass, largemouth bass may begin to forage. This may not only be necessary to provide sufficient energy resources (immediately and for the future (see below)), but may also reflect increased opportunities associated with the mobility of the fry ball. Fig. 7 . Summary of results of the model output illustrating the change in mass of largemouth bass (LMB) and smallmouth bass (SMB) over the 22-day simulation, based on an initial mass of 1000 g and 18°C. The activity rates from nesting fish are based on empirical data from this study with the activity multiplier changed to reflect the mean instantaneous swimming speed from Fig. 6 . The activity rates for the non-nesting fish are derived from the literature and unpublished data. Consumption was set to 0 for all groups except the non-nesting "food" groups, which were provided with a ration of 10 g/day of fish with a prey value of 4000 J/g.
Energetics
Our third objective was to estimate the energetic costs of reproduction for male bass over the nesting period using data from activity monitors. Our results clearly indicate that parental fish are more active than non-nesting fish. Heightened activity during parental care resulted in higher respiration rates. Using videography, Hinch and Collins (1991) quantified the energetic costs associated with nest defence in one smallmouth bass. They estimated that the fish used the equivalent energy of swimming a distance of approximately 28 km per day. Although this value seems high, Cooke et al. (2001a) recently reported that even non-nesting smallmouth in Lake Erie swam the equivalent of about 27 km per day. Similar activity estimates are rare for largemouth bass, although in small Illinois ponds, non-nesting fish swim about 12 km per day (S.J. Cooke, unpublished data). In our study, mean daily swimming activity over the entire parental care period was 41 km for smallmouth bass and 49 km for largemouth bass. During the early stages of development, the parental male must fan the nest in addition to defending the nest against predators (Blumer 1979) . Fanning enhances the survival of the developing embryos by keeping them oxygenated and free from silt and debris (Gross 1980; Sargent and Gebler 1980; Zoran and Ward 1983) . Fanning can also be costly and although it may not result in a net displacement of the fish, it is the energetic equivalent to swimming in place (Coleman and Fischer 1991; Hinch and Collins 1991) .
Two recent studies have examined the depletion of somatic energy reserves of smallmouth bass during parental care. Mackereth et al. (1999) found that energy stores were lowest at the end of the parental care period and exhibited size-specific variation. Small fish showed the greatest decline in parental care activity, and thus the rate of energy depletion was lower in small fish than in larger fish. The authors attribute this variation to a possible increase in reliance on exogenous energy sources (i.e., feeding) by small fish relative to larger fish. Gillooly and Baylis (1999) determined that larger fish have higher lipid reserves, although this was not reflected in size-specific percent changes in body mass or lean mass. Our modeled changes in absolute mass were similar to the values reported by Gillooly and Baylis (1999) if their data are extended from the 8-day period that elapsed between their measurements to the 22-day period that we simulated. Contrary to the empirical data of Mackereth et al. (1999) and Gillooly and Baylis (1999) , we found size-specific patterns in both the absolute and the proportionate loss of wet mass using theoretical model simulations. It must be noted that although this model provides estimates of changes in wet body mass, when lipids and lean muscle mass are metabolized/catabolized, leading to loss of lipid and lean muscle mass, cells may hydrate. The resulting slight reductions in mass (Mackereth et al. 1999) would mask the significant loss of energy reserves.
There are several limitations to the model inputs that we used to estimate the energetic costs of parental care. For the modeling exercise that we present, we restricted the comparison to a 22-day period to reflect the period during which we monitored fish in the wild. We terminated the experiment prior to the dispersal of fry. We also assumed that nesting fish did not ingest any food during this period. Support for this assumption comes from evidence that males provided with supplemental food exhibit increased survival or reproductive success (Ridgway and Shuter 1994) , suggesting that nesting males are food-stressed. More directly, video-monitored nesting smallmouth bass rarely feed (Hinch and Collins 1991) . However, nesting smallmouth bass that were terminally sampled from Lake Opeongo, Ontario, frequently had food in their stomachs (~0.47-1.33 g mean dry mass) (Mackereth et al. 1999) . Thus, it is currently not known when the males of both species resume active feeding or the degree to which they may acquire resources opportunistically during the parental care period.
The activity estimates that we present for non-nesting largemouth bass and smallmouth bass come from only two other studies. Although it was not possible for this study, it would be desirable to monitor simultaneously the activity of nesting and non-nesting fish in the same water body to eliminate some of the potential sources of error involved in our estimates. While we are confident that our modeling output is indicative of the relative energetic costs of parental care between nesting and non-nesting bass, the model can be refined as necessary to provide more accurate outputs as further insights into the parental care biology of these fishes are gained. Indeed, energetics models are only as good as the inputs (Ney 1993) .
Methodological implications
When assessing patterns of behaviour and energetics over the parental care period, a variety of different indicators can be used. For example, quantifiable aspects of nest defence can be used to assess the response of the parent to perceived or actual threats using natural or staged intrusions. This may include the number of aggressive acts, attack distance (Colgan and Brown 1988) , or time spent away from nest. Similarly, one can also employ energetics approaches such as quantification of indicators of locomotory activity (distance moved, tail-or wing-beat frequency), remote measurement of a physiological parameter (i.e., heart rate, EMG), or direct estimation of energetic costs using techniques like the doubly labeled water technique or parameters such as proximate body composition, body mass, or condition factor). Frequently, studies are based upon only one of these, thus providing information on either behaviour or energetics. Our use of activity monitors in this study allowed us to use a variety of indicators of both the defence activities and the general activity and energetics of fish during the parental care period.
Despite its advantages, the approach that we employed is not without limitations. For example, activity monitors can only quantify defence behaviours that involve a locomotory response. Non-locomotory behaviours such as yawns may be used to discourage other fish from approaching, thereby minimizing possible future energetic costs or physical injury. The energetic costs of such acts are minimal compared with a burst-swimming action where the fish chases predators from the nest area. However, in some instances these inexpensive defence behaviours may be important, especially in reducing the frequency of more costly behaviours.
An important component of using activity transmitters is their calibration for generating estimates of swimming speed.
Because we captured fish that were already providing parental care, we had to return the fish to the water without calibrating individual fish in a respirometer. Our results are thus based upon the use of calibrations developed in another laboratory study (Cooke et al. 2001a) . The baseline resting values of locomotory activity collected while the fish were in the cooler prior to release are similar to the lowest activity levels that we record in the field as determined by timers carried by snorkelers. Furthermore, videographic observations on nesting largemouth bass implanted with activity transmitters in ponds in Illinois suggest that occasional periods of inactivity (stationary with no caudal flexion) yield data similar to those that we collect during our cooler calibration method (S.J. Cooke, unpublished data). An additional concern is the shifting of signals over the period of observation (22 days in this case). However, Beddow and McKinley (1999) report that EMG activity in Atlantic salmon, Salmo salar, monitored by activity transmitters did not differ until periods of more than 3 months post implantation had elapsed. Thus, although we had to rely on calibrations not developed for the individual fish used in this experiment, we believe that the data we present are indicative of what occurs in the field. We encourage researchers who use this approach in the future to couple their telemetry data with detailed observations (i.e., snorkeling, videography) and, where possible, use techniques that do not require instruments that need calibrating (e.g., tail-beat transmitter, heart-rate transmitter).
It is not surprising that our results for largemouth bass deviate somewhat from those from previous studies of parental care activity. The majority of other studies were based upon defence behaviours quantified from staged intrusions using models, and the frequency and type of response and the distance from which it was elicited (e.g., Colgan and Brown 1988) . Our study attempted to quantify several surrogates of defensive behaviour, but it also includes non-defence behaviours, including fanning, distant patrolling, and the general locomotory activity of the fish. The heightened activity of largemouth bass during the free-swimming fry stage was based upon data collected after the fry had left the region of the nest. Using other methods it would be difficult to locate nest-guarding males and their fry balls in order to present models.
In our study, nesting males were faced with a variety of potential predators in addition to conspecific predation. The abundance of potential brood predators in the littoral zone of Lake Opinicon could be considered extreme relative to other commonly studied systems (i.e., Canadian Shield lakes). Other studies on Lake Opinicon showed that the removal of male smallmouth bass by angling for even short periods of time resulted in heavy nest predation (Kieffer et al. 1995; Philipp et al. 1997 ). Other studies have used both conspecific and heterospecific models. For example, Ridgway (1988) used conspecific models (smallmouth bass) matched to within 1 cm of the nesting males' fork length to elicit responses. Ongarato and Snucins (1993) investigated smallmouth bass aggression towards conspecific, yellow perch, and brown bullhead models. They found no difference in response to the three models. However, brown bullhead are not regarded as nest predators, and yellow perch were not found in the lake they studied. Rock bass was the only natural brood predator found in the lake, but the response to this fish was not studied. Both of these studies involved repeated presentation of models, something that is rarely controlled for (Lavery and Colgan 1991) . Only Colgan and Brown (1988) and Urban (1991) used natural intrusion frequencies to examine parental defence by centrarchid fish. By using activity monitors, we relied upon natural predators and associated natural intrusion frequencies, permitting us to quantify the real expenses associated with parental care.
Obviously all current methods of assessing parental care by fishes, when used on their own, have limitations. Studies incorporating several methods that incorporate real-time energetic measurements of the activity of free-ranging organisms and the collection of quantitative and qualitative behavioural observations will be the most robust for assessing the relationships between behaviour and physiological energetics. To date, studies of this nature are limited, but several examples do exist (i.e., Chappell et al. 1993) . As recently discussed by Siegel et al. (1999) , the biology of the taxa in question must drive the decisions on how best to quantify parental effort. Furthermore, there is a need to compare methods of assessing parental activity to reveal the level of disparity that can be attributable to study method (Knight and Temple 1986; Siegel et al. 1999) . Our results indicate that physiological telemetry is an appropriate method for gaining insight into the parental care activity of largemouth bass and smallmouth bass. By quantifying an energetic equivalent, we are able to provide insights into the behaviour and physiological energetics of the parental care period that will facilitate the development of seasonal, gender-specific energetics models (Hansen et al. 1993) . With appropriate validation this approach may be applicable to other species of fish and other groups of organisms, including birds and mammals (Butler 1989) .
